Pregnant rats, treated with high doses of propranolol, gave birth to small for dates neonates. Litter size was affected in daily doses of 100 and 150 mg/kg/day. Propranolol markedly influenced the gain in weight normally observed in pregnant rats. The placentas of the rats which received the higher doses of propranolol weighed about 30% less than normal placentas.
Summary
Pregnant rats, treated with high doses of propranolol, gave birth to small for dates neonates. Litter size was affected in daily doses of 100 and 150 mg/kg/day. Propranolol markedly influenced the gain in weight normally observed in pregnant rats. The placentas of the rats which received the higher doses of propranolol weighed about 30% less than normal placentas.
Speculation
Pregnant rats, treated with propranolol, gave birth to small for dates neonates. This effect is possibly the result of a drug-induced reduction in transport across cellular membranes, resulting in malnutrition. Since similar effects were reported in humans, treatment with propranolol during pregnancy should be further reevaluated in laboratory animals.
The administration of propranolol to pregnant women is slowly gaining acceptance. If the present trend continues it will possibly become one of the more extensively used drugs for a variety of conditions associated with pregnancy such as: Lypertension (2,6), hyperthyroidism (1, 12) , cardiac arrhythmias (13, 16, 20) , and hypertrophic obstructive cardiomyopathy (5, 7, 25) . A relatively laree number of side effects on the Drocess of ~arturition and on
the newborn have been reported. One of these side effects is intrauterine growth retardation (2, 6, 16) often accompanied by a small or fibrotic placenta (6, 16) . These findings are thought to be caused by sustained increase in uterine muscle tone or hemodynamic changes in the mother and in the fetus resulting from Padrenoceptor blockade by propranolol(l6). In previous investigations we have shown that high concentrations of propranolol partially inhibit the uptake of amino acids (17, 18) , uridine and thymidine (19) , and 2-deoxyglucose (3) by chick embryo liver cells in vitro. Preliminary experiments indicate that the same inhibition may occur in mammalian cells, both in vitro and in vivo. This creates a situation analogous to starvation, which would exert its effects mainly on rapidly dividing cells or tissues with a hiah metabolic rate.
Propranolol cFosses the mammalian placenta (14) and its pharmacologic effects on the fetus are easily demonstrated (9, 10) . In view of our previous laboratory findings and the reports of small placentas and fetuses in women receiving propranolol during pregnancy, a methodical investigation on the effects of this drug in pregnant rats was initiated.
MATERIALS AND METHODS

ANIMALS
The experiments were carried out using Wistar rats, randomly bred, and weighing 140-160 g. Timed pregnant rats were obtained by mating virgin females with experienced male rats for a 24-hr period. dl-Propranolol was administered starting the morning after impregnation.
Oral administration of dl-propranolol was achieved by dissolving the drug in the water imbibed by the rats. The concentrations of propranolol in the drinking water were based upon long term measurements of the average consumption of water containing propranolol per rat per 24 hr, which was found to be about 25 & 7 ml/day. The concentrations were such that each group of rats received approximately either 25, 50, 100, or 150 mg/kg/day. During these preliminary measurements and all subsequent experiments each rat was housed in an individual, stainless steel cage, 28 X 28 x 14 cm, containing soft wood shavings, room temperature 22 f 2O, and a relative humidity of 40-6070.
Pregnant rats were maintained on Ambar food pellets and tap water a d libitum with or without propranolol.
DETERMINATION OF PROPRANOLOL
The concentration of propranolol in plasma, liver, and placenta was determined in a group of rats after long term oral administration of various amounts of propranolol as described above. Blood samples were obtained after decapitation. The samples were transferred to heparinized tubes and the plasma was separated. Propranolol was measured by a minor modification of the method described by Shand et al. (22) . Samples, containing 0.5 ml plasma and 1.5 ml saline, were alkalinized with 1 ml 1 N NaOH and extracted into 12 ml heptane containing 1.5% isoamyl alcohol. After centrifugation, 10 ml of the organic phase was extracted into 3.0 mlO.l N HC1 and the fluorescence of the acid phase measured in a Farrand spectrophotofluorometer (excitation 295 nm, emission 360 nm). The assay was linear up to 2000 ng/ml of known concentrations of the drug in plasma.
Livers and placentas were homogenized in 5 vol 0.1 N HCl. After centrifugation 2 ml of the supernatant were alkalinized with 1 ml 1 N NaOH and further worked up as above. Separate standard curves were made by addition of measured amounts of propranolol to liver extracts of normal, age-matched rats.
Statistical evaluations were made using Student's t-test.
RESULTS
Pregnant rats, treated with high doses of propranolol, gave birth to small for dates neonates. In a dose of 50-150 mg/kg/day it reduced significantly each individual neonate's weight. Litter size was affected in daily doses of 100 and 150 mg/kg/day and the total litter weight was reduced accordingly. Propranolol 25 mg/kg/day had no effect on the parameters studied (Table 1) . Propranolol markedly influenced the gain in weight normally observed in pregnant rats (Fig. 1) .
The weight of control rats increased during pregnancy by 44%. An increase of 3 1.0% and 20.5% occurred in the rats treated with 50 and 100 mg/kg/day of propranolo1, respectively. Those rats which were given 150 mg/kg/day actually had an absolute weight loss during pregnancy. The differences in weight were statistically highly significant.
The placentas of the rats which received the higher doses of propranolol were smaller than those of normal rats and weighed about 3Wo less than normal placentas. With the highest dosage very small and macroscopically fibrotic placentas were observed. The embryos connected with these placentas had either been completely reabsorbed or were in the form of small lumps of tissue (Fig. 2) . Figure 2 shows a rather extreme example of the influence of 150 mg/kg/day propranolol upon the development of the fetuses. Only 2 out of 11 fetuses were partially developed, the other 9 were small pieces of flesh attached to small placentas.
The mean concentration of propranolol in the plasma, the liver and the placentas of rats at the 20th day of pregnancy and of the fetuses at the same time was determined in another group of rats. Plasma propranolol levels varied up to 20-fold after administration of similar amounts of propranolol; the other parameters also showed marked variabilities (Fig. 3) . Figure 3 clearly indicates that the average individual neonatal weight was much more closely related to plasma levels of propranolol in the pregnant rats than to the concentration of propranolol in any one of the organs examined. It is also seen that at a dose of 100 mg/kg/day the livers and placentas were dearly completely saturated and increasing the daily dose had a small effect only on the concentration of the drug in these organs.
DISCUSSION
We have previously shown that the uptake of amino acids, thymidine, and uridine by cultures of chick embryo liver cells is partially inhibited by propranolol in a concentration range of 5 x 10-5-2 x M (17-19). Further experiments showed that the uptake of deoxyglucose is similarly inhibited (3). This partial inhibition of uptake may be equated to a state of cellular starvation in spite of an adequate milieu. In the present study the oral administration of propranolol to rats throughout pregnancy led to reduced neonatal weight and litter size. It is difficult to compare the conditions in a well defined tissue culture medium to the situation prevailing in vivo'in the pregnant rat. Moreover, the concentration of propranolol in the plasma of the rats was lower than that used in the culture media by 2 orders of magnitude. However, initial results of another series of experiments with pregnant rats show inhibition of uptake of amino acids by the liver cells of the fetuses on days 18-20 using dosages of propranolol as described in this paper. Thus, the low weight of the newborn litters might indicate partial starvation of the rat fetuses in utero. The small size of the placenta observed in these rats is in accordance with this concept.
The disposition of propranolol has proven to be highly complicated and its pharmacokinetics are dependent on the route and duration of administration. In humans 20-fold variations in plasma levels may follow single, similar, orally administered doses, both in adults (21) and in children (27) . The wide variations are apparently caused by differences in the rate of absorption from the gut. During chronic oral administration of propranolol plasma concentrations are at least twice as high as after single dose administration and the half-life of the drug is prolonged (4). The pharmacokinetics of propranolol in the rat resembles those in humans (8, 23) .
Because of the marked individual differences in the pharmacokiietics of orally administered propranolol, it is advantageous to compare plasma levels instead of oral dosages. It is not certain whether similar plasma levels of propranolol in rats and in humans have similar effects, even without taking into account the lack of data on active metabolites. Nevertheless, such a comparison will be made, mainly because of its ominous implications. Plasma levels of 160 * 100 ng/ml propranolol, measured at the 20th day of pregnancy, caused the neonates to be of lower weight than controls. At higher plasma levels, average 360 and 764 ng/ml, a significant decrease in both the litter sue and in neonatal weight was observed. The smaller litter size was probably caused by death and reabsorption of some of the embryos or fetuses. Thus the deleterious effects observed were proportional to both the daily dosage and to the concentration of propranolol in the plasma.
The plasma levels observed in the pregnant rats receiving up to 100 mg/kg propranolol daily have also been described in humans who were receiving dosages of propranolol ranging from 80-160 m u d a y (1 1, 22 ). There are no data indicating that similar, high plasma levels of propranolol in rats and in humans have comparable effects. Nevertheless, our observations indicate that sponta- Fig. 2 . Uteri of rats on the 18th day of pregnancy. A1 is a control rat; Bz is a rat to which 150 mg/kg/day of propranolol was administered orally throughout pregnancy. neous abortions and small for dates infants occurring in pregnancies during which the mothers received propranolol up to 240 mg/day (6) could, in part, have been caused by this drug. However, the primary diseases for which propranolol is administered may also have a deleterious influence on the course of pregnancies.
P R O P RANOLOL
The observations in humans have been interpreted as being caused by increased muscular tone of the uterus and hemodynamic changes and reflexes in the uterine and fetal circulation due to propranolol(l6). Obviously such effects may cause small for dates infants at birth, small placentas, premature birth, and abortion.
According to the concept developed here these phenomena might be the result of inhibition of uptake of nutrients by the developing placenta and fetal cells caused by high concentrations of propran-0101. This mechanism of "malnutrition" might be operative when the other effects are so mild as not to have a deleterious influence.
Malnutrition during fetal and neonatal life may cause irreversible developmental changes in general (26) and also in the brain where it may result in decreased number and size of cells in various brain areas (for review see Ref. 28 ), changes in the lipid composition of myelin (24) and of several enzymes (15, 24) . The same applies, apparently, to human infants (28) . These organic changes may have irreversible behavioral effects. Moreover, temporal arrest of development of the brain during certain critical periods of gestation may be revealed by symptoms of minimal brain damage at a later date, although the infant was of normal weight at term.
At present we are investigating the organic and mental development of rats and the reversibility of arrested development caused by the administration of propranolol during pregnancy and after parturition.
Our data, based upon observations in rats, cannot, at present, be interpreted as constituting an absolute contraindication for the administration of propranolol during pregnancy. Nevertheless, they call for caution when high dosages are thought to be required. Monitoring of blood levels of propranolol would seem to be indicated at all daily dosages. High blood levels should probably be avoided until more data will be available from further detailed investigations in laboratory animals.
